Introduction
Secure storage and effective releaseo fh ydrogen remains one of the major technological barriers for the widespread application of hydrogen energy. [1, 2] Currently,c onsiderable efforts are being devoted to the search for suitable hydrogen storage materials including metal hydrides, sorbentm aterials, and chemical hydrides. [3] Amongt hem, ammonia borane (NH 3 BH 3 )h as attracted much attentiona sahydrogenc arrier for portable hydrogen storage applications, owing to its high gravimetric hydrogen density (19.6 wt %), high stability and solubility under ambient conditions, environmentally friendliness, and favorable kinetics for hydrogen release. [4] [5] [6] In the presence of suitable catalysts, ammonia borane releases hydrogen via hydrolysis under ambient conditions. Therefore, the development of catalysts able to boost the kinetics of hydrogen generation through ammonia borane hydrolysisi sh ighly relevant for both academia and industry.
The hydrolysis of ammonia borane in the presence of ac atalyst has been well investigated. Noble-metal-basedc atalysts, such as those incorporating Au, Ru, Pt, Rh, and Ir,h ave shown highly efficient hydrogen generation from aqueous ammonia borane solution under mild conditions;h owever,t heir low abundance and high price hamper their industrial application. [7] [8] [9] [10] [11] Meanwhile, low-cost and resourceful catalysts based on transition metals (Fe, Co, Ni,a nd Cu) have also been studied. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] The catalytic performanceo fm etal nanoparticles and composite particles containing metals is highly dependento n the dispersion of the active metals and/or composite particles. [18, 24] For example, our research group found that the Si + Ni content influences the dispersion of silica-nickelc omposite particlesa nd their catalytic activity fort he hydrolytic dehydrogenationo fa mmonia borane. [18] The resultsa lso indicated that the ratio of water to silicon alkoxide influences the dispersion and activity of the catalyst.
In the present study,w eh ave investigated the influence of the preparation conditions on the dispersion and catalytic activity of titania-nickel composite particle catalysts towardh ydrogen evolution from aqueous ammonia borane. We have previously reported that titania-nickel composite catalysts show highera ctivity for the hydrolysis reaction than silicanickelc omposite catalysts. [17] To improve their dispersion, we focusedonthe control of the titanium alkoxide sol-gel reaction equilibrium, and then investigated the influence of the water/ titaniuma lkoxide ratio on the dispersion of the titania-nickel composite particlec atalysts and their activity for the hydrolysis of ammonia borane.
This work reports the influence of the water/titanium alkoxide ratio during the preparation of titania-nickel composite particles on their morphology and catalytic activity towardt he hydrolysis of ammonia borane. The titania-nickel composite particle catalysts were fabricated by using as ol-gel method, followed by an activation process in aqueous solution containing sodium borohydride and ammonia borane. From the scanning electron microscopy images andp ore-size distributionsc alculated from nitrogen sorptiond ata, the particle dispersion was significantly enhanced at ratios above 6000, and increased with increasing water/titanium alkoxide ratio. Stoichiometric amountso fh ydrogen weree volved in the presence of all of the prepared titania-nickel composite particlec atalysts. The particled ispersion influenced the hydrogen evolutionr ate from aqueous ammonia borane solution, and the samples with the most highly dispersed particless howed the highesth ydrogen evolution rate. The most active catalysts howeda na pparent activation energy comparable to that of other reported catalysts and high cycle ability for the hydrolysis of ammonia borane.
Results and Discussion
The morphology of the titania-nickel composite particle catalysts prepareda tv arying water/titanium alkoxide molar ratios was studied by TEM imaging (Figure 1 ). The sample prepared with aw ater/titaniuma lkoxide molar ratio of 3000 consisted of 1-3 mma ggregates, including fine primary particles with ad iametero fu pt o100nm( Figure 1a ). The fine primary particles were found to be uniformly dispersed at ratios of over 6000, where their dispersion improvedwith the increasing water/titanium alkoxide molar ratio (Figure 1b-d) . Such enhanced dispersion with the increasingr atio was also confirmed by nitrogen sorption measurements. All the physicochemical properties (specific surfacea rea, pore volume, and average pore diameter) were significantly enhanceda tr atios over 6000, also increasing with the increasing ratio ( Table 1) . The results of their pore-size distributions also reflect this tendency.T he diametero ft he mesopores and macropores of the samples significantly increased at water/titanium alkoxide molar ratios of 6000, further increasing with the water/titanium alkoxide molar ratio ( Figure 2 ). The preparation process of the titanianickel composite particles is based on as ol-gel reaction, which consists of the hydrolysis of titaniuma lkoxide into titaniumh ydroxidea nd its subsequentc ondensation ( Figure 3 ). Conventionally,p articles are prepared at water/titanium alkoxide ratios of the order of ten throughs ol-gel-based methods. [25] [26] [27] [28] On the other hand, the water/titanium alkoxide molar ratios in the present study were 10 2 -10 3 times higher than those employed under conventionalp reparation conditions. These results indicate that the condensation reaction equilibrium is suppressed with significantly large amounts of water relative to the titanium alkoxide content. As shown in high resolution TEM images (Figure 4 ), the morphology of the catalysts did not significantly change before and after the activation process.
The valences tate of the active nickel species in the titanianickelc omposite particlec atalysts was characterized by DRUV/ Vis absorption spectroscopy before and after the activation process in aqueous solution containing sodium borohydride and ammonia borane ( Figure 5 ). In the spectra of the precursors, the observed absorption bands at 550-650 nm can be attributed to the electronic transition 3 [29] indicating that all the precursors contain Ni II with octahedral coordination.
Comparedt ot he spectra of each precursor,t he intensity of the peaks in the spectra after the activation process was negligible. The resultsi ndicate that active metallicn ickel species were obtained in all samplest hrough the activation process. Figure 6s hows the XPS spectra of the samplep repared at a water/titanium alkoxide ratio of 12 000. The spectrum of the titania-nickel composite particle precursor exhibits aN i2p 3/2 band at 855.6 eV,t ypical of Ni 2 + . [22] On the other hand, Ni 2p 3/2 bands at 856.2 and 852.5 eV are observed in the spectrum of Figure 1 . TEM images of the titania-nickelc omposite particle catalysts prepared at water/titanium alkoxide ratios of a) 3000,b)6000,c )9000, and d) 12 000, after the activation process. ,r espectively. [22] The resultsi ndicate that some nickels pecies exist on the surfaceo ft he titanianickel composite particles, and that part of such nickel species were oxidized after the activation process, probablyo wing to exposure to air before XPS measurement. To identify the valence state of nickel species inside the titania-nickel composite particles, the spectrum of the titania-nickel composite particle catalystw as obtained after Ar + sputtering. The spectrum in Figure 6c exhibits only aNi2p 3/2 band at 852.7 eV,which is typical of metallic Ni 0 .T he resultsi ndicate that the nickel species inside the titania-nickel composite particles do not oxidize in air,but maintain their metallic state.
The evolution of hydrogen from aqueous ammoniab orane solution in the presence of the composite particle catalysts was evaluated. Figure 7s hows the time course of the hydrogen evolution from aqueous solution in the presence of the catalysts prepared at different water/titanium alkoxide ratios. A hydrogen evolution of 59.0, 60.0, 59.0, and 60.0 mL from the aqueous ammonia borane solution was completed within ap- . DRUV/Vis spectra of the titania-nickelcomposite particles prepared at water/titanium alkoxide ratios of a, e) 3000,b ,f)6000, c, g) 9000, and d, h) 12 000 before (a-d) and after (e-h) the activationprocess in aqueous solution containings odium borohydride and ammonia borane. Figure 6 . XPS spectra of the titania-nickel composite particles prepared at a water/titanium alkoxide ratio of 12 000:a )precursor,b)catalyst, c) catalyst after Ar + sputtering for 5min. Figure 7 . Hydrogen evolution from the hydrolysis of ammonia borane catalyzed by the titania-nickel composite particle catalysts prepared at water/titanium alkoxide ratioso fa)3000, b) 6000, c) 9000, and d) 12 000. proximately 20, 14, 11,a nd 10 min in the presence of the catalysts prepared at water/titanium alkoxide ratios of 3000, 6000, 9000, and 12 000, respectively.H ydrogen is produced from aqueous ammonia borane via Reaction (1):
Under the present reaction conditions, approximately 59 mL of hydrogen (24.0 10 À4 mol) was generated through this reaction. The molar ratio of the hydrolytically generatedh ydrogen to the initial ammonia borane in the presence of the titanianickel composite particlec atalyst was determined as 3.0. The results indicatet hat stoichiometric amounts of hydrogen were evolvedi nt he presence of the different titania-nickel composite particle catalysts, because the reducibility of the active nickel speciesi sv ery similar in all the catalysts. On the other hand, the hydrogen evolutionr ate was found to dependo n the catalyst; the rate in the presence of the titania-nickel composite particlec atalysts prepared at water/titanium alkoxide ratios of 3000, 6000, 9000, and 12 000 was3 .33, 5.00, 6.00, and 6.67 mL min À1 ,r espectively.T hese results, in addition to those shown in Figures 1a nd 2a nd Ta ble 1, indicatet hat the catalyst with the most highly dispersed primary particles shows the highest hydrogen evolution rate, probably because of ah igher diffusionr ate of the reactants into the active sites.
The catalytic hydrolysis of ammonia borane was further evaluated with the titania-nickel composite particle catalystp repared at aw ater/titanium alkoxide ratio of 12 000 at various temperatures in the range of 298-343 K, so as to determine the apparent activation energy [Eq. (2)].
where k is the reactionr ate, [NH 3 BH 3 ]a nd [H 2 ]a re the amount of NH 3 BH 3 and H 2 ,r espectively.U nder our experimental conditions, the reaction rate, k,i sc onstanta te ach given temperature, implying zero order kinetics for the ammonia borane hydrolysis reaction. This suggests that the hydrogen generation rate is controlled by surface reactions. The reaction rate equation can be writtenasf ollows [Eq. (3)]:
where k 0 is the reaction constant (mL min
À1
), E a the activation energy for the reaction, R the gasc onstant, and T is the reaction temperature. Using Equation (3), the value of the rate constant k at different temperatures for the hydrolysis of ammonia borane was calculated from the linear segmento ft he time course of hydrogen evolution in the presenceo ft he catalyst prepared at aw ater/titanium alkoxide ratio of 12 000 at different temperatures in the range of 298-343K.T he Arrhenius plots are shown in Figure 8 . They werea lso used to calculate the activation energy parameter (E a = 37.5 kJ mol
)f or the catalyst. The obtained activation energy is comparable to that of other reported nickel-based catalysts. [21, 30, 31] Figure 9a shows the time course at the 1st, 5th, 9th, 11th, and 15th cycle for the hydrogen evolution from aqueousa mmonia borane solution in air catalyzed by the titania-nickel composite particlec atalystp repared at aw ater/titanium alkox- Figure 8 . Arrheniusp lots for the hydrolysisofa mmonia borane catalyzed by the titania-nickel composite particlec atalyst prepared at aw ater/titanium alkoxide ratioof1 2000. Figure 9 . a) Time course for the evolution of hydrogen from aqueousammonia boranes olution catalyzedbyt he titania--nickel composite particle catalyst prepared at awater/titanium alkoxide ratio of 12 000 for the 1st, 5th, 9th, 11th, and 15th cycle and b) the hydrogen evolution rate at eachcycle. ide of 12 000. The amount of hydrogen evolution does not depend on the cycle, as approximately 60 mL of hydrogen was evolvedi na ll cycles.T he resultsi ndicate that stoichiometric amountso fh ydrogen were evolved. On the other hand, the evolution rate was found to depend on the cycle number.T he hydrogen evolution rate dropped significantly from the 5tht o the 9th cycle, to then decrease furtheri nalesser way.F igure 9b plots the hydrogen evolution rate against the cycle number.U pt ot he 4th cycle, the hydrogen evolution rate was stable at around 6.5 mL min
,w hereas it decreased from the 5th to the 9th cycle. Then, the rate was maintained at approximately 4.0 mL min À1 up to the 15th cycle. From EDX measurements of the sample before activation process and after the 10th cycle, the nickel content included in the sample is 2.36 and 1.67 mol %, respectively.I na ddition, the peak assigned as Ni II was not observed in the UV/Viss pectrum of the catalyst after 10th cycle. From these results, the active metallic nickel speciesr emained in the catalyst, whereas ad ecrease in the hydrogen evolution rate is probably attributablet od issolution and/or oxidationo fs omeo ft he active metallic nickel species on the surface of the titania-nickel composite particles.
Conclusions
The presentwork describes the influence of the water/titanium alkoxide ratio during the preparation of titania-nickel composite particle catalysts on their morphology and activity toward the hydrolysis of ammonia borane. From their TEM images and pore-size distributions, the dispersion of the particles was enhanced at ratios above 6000, increasing with increasing water/ titaniuma lkoxide ratio. Stoichiometric amountso fh ydrogen were evolvedi nt he presence of all the prepared titania-nickel composite particle catalyst. The dispersion of the particles was found to influence the hydrogen evolution rate from the aqueous ammonia borane, and the sample with the most highly dispersed particles showed the highesth ydrogen evolution rate. The most active catalysts howed ac omparable apparent activation energy that other reported catalysts andh igh cyclability for 15 cycles.
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